An electrochemical method was developed to analyze the quantity and oxidation state of exposed Cu impregnated in porous carbon. Carbons of different Cu contents were prepared from Cu͑NO 3 ) 2 impregnation followed by heat-treatment at different temperatures. X-ray diffraction has shown the transformation of the deposited Cu from high to low oxidation states upon increasing the treatment temperature. The crystalline size was also found to increase with temperature. A linear potential sweep from the open-circuit potential of the carbons to Ϫ1.4 V vs. SCE in KOH was able to directly estimate the amounts of CuO and Cu in the carbon from the charge consumed in associated reduction peaks. All the Cu species can be oxidized to CuO at 0. Qualitative and quantitative characterizations of oxides formed on metals, such as copper, are considered an issue in application of the metals as electric or magnetic wires. 1 The characterizations have been achieved through electrochemical routes 1 because of the conductive feature of the metal substrate. As for carbon materials, carbon surface oxides on carbon substrates have been extensively explored for several decades.
Qualitative and quantitative characterizations of oxides formed on metals, such as copper, are considered an issue in application of the metals as electric or magnetic wires. 1 The characterizations have been achieved through electrochemical routes 1 because of the conductive feature of the metal substrate. As for carbon materials, carbon surface oxides on carbon substrates have been extensively explored for several decades. [2] [3] [4] [5] [6] [7] Characterization of metal oxides on carbon is rather difficult because of the complicated interactions between metal and carbon. Porous carbons deposited with copper have been widely used as catalysts for wastewater or flue gas treatments. [8] [9] [10] [11] [12] In our recent studies, [10] [11] [12] activated carbons impregnated with copper have proved to be active in catalyzing NO reduction with NH 3 . The activity of the Cu-loaded carbon is a strong function of the treatment temperature. The influence from heattreatment can be attributed to the change of oxidation state and aggregate size of Cu upon heating. 12 Based on this description the chemical and physical states of metal impregnated in carbon are important factors determining the activity of the metal-loaded carbon. Thus, the development of a metal characterization technique is sought in the present work, and copper is used as an example of the metal loaded. To estimate the amounts of copper oxides, some spectroscopic techniques are useful for qualitative analysis but are not necessarily adequate for quantitative measurement, especially for dispersed metals on porous materials. These techniques include X-ray photoelectron spectroscopy, Auger electron spectroscopy, and electron spin resonance spectroscopy, etc. [13] [14] [15] [16] As mentioned previously, an electrochemical route becomes an option for quantitative analysis under the condition that the substrate for the oxides is electrically conductive. Potential sweep voltammetry, which is a widely used technique, is able to identify electrochemical reactions of some deposited metal oxides with the electrolyte. The present study intends to develop a voltammetric method capable of analyzing the composition of Cu species on porous carbon.
Experimental
Polyacrylonitrile-based activated carbon fabric was used as the carbon substrate to form the Cu-loaded electrode in the present work. The fabric has a thickness of 0.4-0.6 mm. To load Cu, the carbon fabric was mixed with a Cu͑NO 3 ) 2 solution using ultrasonic mixing for 10 min. The mixture was then dried in vacuum at 110°C. The concentration of Cu͑NO 3 ) 2 solutions was adjusted to give 2, 10, and 14 wt % of Cu in the impregnated carbon.
Heat-treatment was carried out on the Cu-loaded carbon prior to electrochemical measurements. The treatment was conducted in helium at a specified temperature for 20 min. The treatment temperatures employed, 300, 500, and 650°C, were chosen on the basis of the results from thermal decomposition experiments performed in a thermogravimetric analyzer ͑TGA, Perkin Elemer TGA7͒. The crystalline structure of the resulting Cu-carbon composites was characterized by X-ray diffractometry ͑Rigakue, RINT 2000͒.
A three-electrode system was used to examine the electrochemical response of the composite electrodes. The working electrodes consisted of 2 cm 2 carbon fabric with a stainless steel foil serving as the current collector. A saturated calomel electrode ͑SCE͒ and a Pt wire were used as the reference and counter electrodes, respectively. All electrochemical measurements were performed in 3 M KOH under N 2 flow. The open-circuit potential ͑OCP͒ of the electrodes was determined after the equilibration between the electrode and electrolyte had been reached. Linear sweep voltammetry was used to analyze the electrochemical responses from the impregnated Cu species of different oxidation states. The potential sweep was conducted cathodically from the OCP or from 0.2 to Ϫ1.4 V at a rate of 1 mV/s.
Results and Discussion
The carbon fabrics loaded with different amounts of Cu͑NO 3 ) 2 were analyzed by TGA with a linear heating rate of 20°C/min. Typical results are shown in Fig. 1 . The weight loss due to thermal treatment at temperatures lower than 700°C can be divided into three regimes: 100-300, 330-470, and 500-650°C. The lowtemperature regime exhibits the largest evolution peak. The evolution was mainly contributed by the decomposition of Cu͑NO 3 ) 2 to CuO. 8, 9 Because heat-treatment in the presence of carbon can also reduce CuO to Cu 2 O and further to metallic copper, i.e., the carbothermic reduction of the metal oxides, 17 the evolution at 330-470°C can probably be assigned to the reduction of CuO to Cu 2 O and that at 500-650°C to the reduction of Cu 2 O to metallic Cu. 18 The weight loss with further increase of temperature can be attributed to the decomposition of more stable carbon surface oxides. 6 Based on this interpretation, the heat-treatment temperatures for the Cu-carbon composite were chosen to be 300, 500, and 650°C.
The interpretation of the transformation of Cu species can be partially confirmed with the X-ray diffraction ͑XRD͒ analysis shown in Fig. 2 . For the carbon treated at 300°C, no obvious peaks resulting from Cu species can be detected, indicating good dispersion of Cu. Upon elevating the temperature to 500°C, obvious Cu 2 O peaks can be observed, reflecting the aggregation of copper oxides upon thermal treatment as well as the carbothermic reduction of CuO to Cu 2 O. After treatment at 650°C, a portion of Cu 2 O was reduced to metallic Cu. Cu metal with a large grain size, indicated by the sharp peak in the XRD, was present. With further increase of the temperature to 800°C, oxides of Cu almost completely disappeared and the grain size of Cu metal increased because of high-temperature agglomeration.
The linear sweep voltammetric measurements of different carbons were conducted from the OCP to Ϫ1.4 V, and typical results are shown as dashed-line curves in Fig. 3 . The OCPs of the different carbons are listed in Table I . The Cu-loaded carbons are designated as CCu, which is followed by the weight percentage of Cu contained in the carbon. The numerical figure following the carbon type represents the heat-treatment temperature in degrees Celsius. The reduction response of CCu10 in Fig. 3 is significantly influenced by the thermal treatment temperature. The reduction responses of CCu0 electrodes, which are not shown, are simply the base lines of the peak regions for the corresponding CCu10 electrodes. This indicates that the peak currents come from reduction of Cu species. The influence of treatment temperature on the peak currents is discussed later. The Cu reduction charge was calculated by integrating the peak area, 19 and the variation of the reduction charge with Cu content is summarized in Fig. 4 . As expected, the reduction charge shows an increasing trend with Cu content. The reduction charge required per unit mass of Cu is seen to decrease with the Cu content. This can be attributed to the exposed area of copper oxides per unit mass of Cu decreasing with the amount of Cu impregnation, because during thermal treatment larger aggregates are formed for carbons with higher Cu contents. The results imply that this linear sweep voltammetric method can be employed to estimate the amounts of copper oxides accessible to molecules for some expected chemical interactions.
The OCPs of different carbons listed in Table I are seen to vary with Cu content and treatment temperature. For the Cu-loaded carbons with the same Cu content, the OCP decreases with heat- treatment temperature. This can be ascribed to the fact that a higher temperature results in a larger amount of metallic Cu, which is able to adsorb OH Ϫ species. [20] [21] [22] It has been stated that electron transfer from adsorbed OH Ϫ to the electrode may occur. 23 The ultimate attainment can be presented as
͓1͔
It is known that the electrode potential represents the energy level of electrons or ions in electrodes rather than simply the electrostatic potential of electrodes. 24 Thus, electron transfer into an electrode according to Reaction 1 can cause a negative shift of the electrode reduction potential. Consequently, carbons treated at higher temperatures, which have a greater amount of metallic Cu, exhibit a more negative OCP, as reflected in Table I .
As for the effect of Cu content, the OCP shows a decreasing trend with the content. For the 500 and 650°C samples, the decrease of OCP with Cu content can be simply attributed to the increasing amount of metallic Cu. As for the 300°C samples, there should be little metallic Cu present in the carbons. Their OCPs are less negative than those of the bare carbon. This can be attributed to the large amount of CuO, which has a high tendency toward reduction and thus causes less negative OCPs of the electrodes. The slight negative shift of OCP with Cu content may be due to the increasing amount of carbon surface oxides resulting from carbon oxidation by the nitrates. The negative charge of the surface oxides may result in the negative shift of the electrode potential.
In the dashed-line curves of Fig. 3 there are three obvious cathodic current peaks centered near Ϫ0.59, Ϫ0.75, and Ϫ1.1 V for the CCu10-300. These peaks are designated as C1, C2, and C4, respectively, and can be assigned to occurrence of the following reactions 1, [25] [26] [27] [28] [29] The CuO 2 2Ϫ can be reduced to Cu 2 O near Ϫ0.59 V according to Reaction 2 in a cathodic potential scan, leading to the appearance of C1 peak in the voltammogram. The direct reduction of CuO and Cu 2 O to Cu occurs at more negative potentials according to R3 and R4, 1 with the appearance of the C2 and C4 peaks, respectively. The one-step mechanism for the reduction of CuO and Cu 2 O to Cu has been verified, 1 and CuO can be more easily reduced, i.e., reduced at less negative potentials, than Cu 2 O.
It has been reported that oxidation at 0.2 V can transform all Cu species to CuO. 26, 27, [30] [31] [32] The results of potential scan from 0.2 to Ϫ1.4 V are presented as solid-line curves in Fig. 3 as well. Oxidation currents that may result from O 2 evolution and electrode oxidation can be observed at potentials near 0.2 V. For CCu10-300, the reduction peaks, C1, C2, and C4, are similar to those for the sweep from OCP to Ϫ1.4 V, indicating that most of the Cu species are in the form of CuO and the oxidation at high potentials causes little change of the Cu species.
As for CCu10-500 in the sweep from OCP, no C1, C2, and C4 signals can be observed. It is likely that most of the CuO has been carbothermally reduced to Cu 2 O or Cu at 500°C and thus no C1 and C2 can be observed. According to the XRD results, there is a significant amount of crystalline Cu 2 O present on CCu10-500. This crystalline Cu 2 O is considered to be stable during the cathodic sweep from OCP, because no C4 response appears in the sweep. The presence of stable Cu 2 O has been reported, and it can be reduced only at potentials more negative than Ϫ1.3 V. 26, 33 There is one peak designated as C3 appearing near Ϫ0.89 V. This signal can be attributed to the reverse of Reaction 1, [30] [31] [32] [33] i.e.
This peak is not observed for CCu10-300, because little metallic Cu is present on this sample. As CCu10-500 was swept from 0.2 V, the peaks C1, C2, and C4 appear. This indicates that the dispersed metallic Cu and Cu 2 O has been oxidized at high potentials, and the resulting CuO gives the reduction signals at lower potentials ͑i.e., C1 and C2͒. The C4 peak corresponds to the reduction of Cu 2 O that comes from the reaction in C1. For CCu10-650 in the sweep from OCP, a large C3 signal can be seen, and this is expected because a significant proportion of the copper oxides have been reduced to the metallic state. The C3 signal of CCu10-650 is stronger than that of CCu-500 in the sweep from OCP. This suggests that there are stable Cu 2 O species present on CCu10-500, and these species cannot be reduced in a sweep from OCP. However, they can be carbothermally reduced to Cu at 650°C and exhibit as C3 peak in the sweep. Upon oxidation of CCu10-650 at 0.2 V, the subsequent sweep from this potential shows the appearance of C1 and C4, similar to the results for CCu10-500.
According to this description, a method to estimate the distribution of Cu in different oxidation states is outlined. The amounts of metallic Cu ͑i.e., Cu 0 ) and Cu present as CuO ͑i.e., Cu II ) can be determined directly from the charge of the C3 peak and that of the C1 peak plus half the C2 peak, respectively, in the cathodic sweep starting from OCP. As for the amount of Cu present as Cu 2 O ͑i.e., Cu I ), it can be determined indirectly. The charge of C1 and half C2 in the sweep from 0.2 V corresponds to the total amount of Cu because oxidation at 0.2 V transforms all the Cu species into CuO. 1, 26, 34 Under this circumstance, the amount of Cu I can be obtained by subtracting those of Cu 0 and Cu II from that of total Cu. Table II shows the distribution of the exposed Cu in different oxidation states for the CCu10 treated at different temperatures. It can be seen that almost all the Cu is present in the form of CuO after the 300°C treatment to decompose the nitrates. Most of the CuO is transformed to Cu 2 O after heating at 500°C and then to metallic Cu at 650°C. The total Cu shows a decreasing trend with temperature, indicating that agglomeration of Cu occurs upon heat-treatment. The fraction of Cu accessible to physical or chemical interactions was calculated and the results are shown in Table II . Nearly 30% of the Cu is accessible after 300°C treatment. The accessibility decreases to less than 20% after treatment at 650°C.
Conclusions
An electrochemical technique that can quantitatively characterize the oxidation state of accessible Cu deposited on the surface of porous carbon was developed. The amounts of CuO and metallic Cu can be determined directly from identified reduction peaks exhibiting during a cathodic potential sweep from the electrode OCP to Ϫ1.4 V. Oxidation at 0.2 V transforms all the Cu species to CuO, the amount of which can be used to estimate that of total Cu by a subsequent cathodic potential sweep from that potential. Subtraction of the amounts of metallic Cu and CuO from that of total Cu gives the amount of Cu 2 O. This developed technique has provided a concept that can be employed to estimate the quantity and chemical state of metals, in addition to Cu, impregnated in porous carbon. The information obtained is crucial in optimizing the performance of the impregnated metals as well as the integrated carbon-based materials.
The characterization of the deposited Cu has shown that CuO is the main species in carbon impregnated with Cu͑NO 3 ) 2 followed by 300°C treatment. The majority of the oxide is transformed to Cu 2 O at 500°C and to metallic Cu at 650°C. The total amount of exposed Cu species decreases with treatment temperature due to the occurrence of thermal agglomeration. The OCP of the Cu-loaded carbon electrode was found to decrease with treatment temperature. This has been ascribed to the increasing formation of metallic Cu, through which transfer of electrons from adsorbed OH Ϫ occurs to lower the potential of the electrode. 
